Changes in the chemical and physical conditions of 42 Connecticut lakes are compared between three time periods, the late 1930s, the mid-to late 1970s and the early 199Os. On average, lakes have decreased in Secchi disk depth by 1.2 m and doubled in total phosphorus concentration, many in a unidirectional manner. As a result, the suite of lakes can be characterized as having shifted from an oligo-mesotrophic condition (1930s) to a late mesotrophic condition (19908). Since the 19708, lakes have increased in base cation concentrations an average of 70 peq/L, many as the result of an increase in sodium. Increases in sodium were generally coupled with increases in chloride ions. Many of the lakes positioned in watersheds that have become more residential since the 19308 and/or 19708 have also increased in alkalinity. Despite the overall increase in base cations, chloride, and alkalinity, about 25% of the waterbodies that have remained situated in primarily forested watersheds in crystalline rock regions have decreased in total cation concentrations; about half of these lakes have also significantly decreased in alkalinity since the 1930s. The changes are discussed in relation to the degree of urbanization of the watersheds over the same time period.
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I TIS RARE to find comparative historical chemical and physical data on lakes as old as 50 yr (e.g., Eilers et aI, 1989; BrenneretaI., 1993) . As a result of the paucity of historical data for most regions, paleolimnological techniques have been used to reconstruct past lake water conditions (Smol, 1992) . Likewise, it is equally rare to have 50-yr-old records of land uses in lake watersheds. We are fortunate in Connecticut to have 55-yr-old chemical and physical data on many lakes in the state, and aerial photographs from the same time periods from which watershed land use can be evaluated. Between 1937 to 1939 , Deevey (1940 surveyed chemical and physical characteristics of 46 Connecticut waterbodies. In particular, Deevey made measurements of Secchi disk depth, total phosphorus concentrations and alkalinity. In 1934, the State of Connecticut ordered a complete set of high-resolution aerial photographs. A second more detailed chemical and physical analysis of 70 lakes was undertaken in the 1970s (Norvell and Frink, 1975; Frink and Norvell, 1984) . In addition, aerial flyovers were done in both 1970 and 1975 . Recently, Canavan and Siver (1994 completed a third detailed study of the chemical and physical conditions of 60 Connecticut lakes. In addition, Field et ai. (1996) used the aerial photographs from 1934, 1970, and 1990 to estimate the degree of change in the percentages of forest, agricultural/open field, and residential/urban lands in 30 of the watersheds. Frink and Norvell (1984) compared their results with those of Deevey (1940) and concluded that Connecticut lakes were undergoing "advanced eutrophication." Frink and Norvell observed that total phosphorus concentraBotany Department, Connecticut College, New London, CT 06320. Received 13 Feb. 1995. *Corresponding author (pasiv@conncoll.edu).
Published in J. Environ. Qual. 25: 334-345 (1996) . 334 tions had increased in 33 of 35 lakes since the Deevey study, and that transparency had declined in most of the waterbodies. Frink and Norvell (1984) further observed that few changes in lake water alkalinity had occurred since the 1930s, and concluded that acidic deposition has had little impact on Connecticut lakes. Canavan and Siver (1994) compared lake water conditions, including trophic conditions and the composition of dissolved salts, between different geological regions.
The State of Connecticut is divided into five primary geological zones, the Eastern Uplands, Western Uplands, Coastal Slope, Central Valley and Marble Valley (see Rogers et aI., 1959; Bell, 1985) . The bedrock of the Eastern and Western Uplands and Coastal Slope is crystalline in nature and composed primarily of schists, gneiss and to a lesser extent granites (Rogers et aI., 1959; Bell, 1985; Jokinen, 1983) . The Marble and Central Valleys are composed mainly of metamorphosed limestone and brownstone, respectively (Rogers et aI., 1959; Bell, 1985) . In addition, exposed igneous basalt or trap rock sills are aligned in a north-south position within the Central Valley. Canavan and Siver (1994) found significant differences in the compositions and quantities of dissolved salts of lakes situated in the different geological regions. However, few differences in trophic variables were observed in lakes between the different geological regions (Canavan and Siver, 1994) .
The purpose of this paper is to identify the degree and direction of change, if any, in the chemical and physical structure of Connecticut lakes over the last 55 yr through a comparison ofthe three surveys. Comparisons between the three data sets will include the variables Secchi disk depth, total phosphorus, and alkalinity. Comparisons in concentrations of base cations and chloride levels will also be made between the Frink and Norvell (1984) and Canavan and Siver (1994) studies. When possible, changes will also be related to shifts in land use in the surrounding watersheds as documented by Field et ai. (1996) .
MATERIALS AND METHODS
Data from 42 lakes examined by Canavan and Siver (1994) are included in this survey, 29 and 41 of which were common with the studies of Deevey (1940) and Frink and Norvell (1984) , respectively. A total of 35 lakes were surveyed both by Deevey (1940) and Frink and Norvell (1984) . Details on the location of each waterbody, methods employed, and all chemical and physical data used in this study can be found in Deevey (1940) , Norvell and Frink (1975) , Frink and Norvell (1984) , and Canavan and Siver (1994; 1995) . For simplicity, we refer to the Deevey (1940) , Frink and Norvell (1984) and Canavan and Siver (1994 Direct comparisons of data between the three surveys were made for total phosphorus and Secchi disk depth measurements. In each of the three studies total phosphorus concentrations were determined colorimetrically by complexing with molybdenum after initial acid persulfate digestion of organic material.
The methods for total phosphorus were essentially identical for the 1970s and 1990s, and in an earlier paper Norvell and Frink (1975) had determined that their method was comparable to that of Deevey. In each study a 20-cm Secchi disk was used, thus, no correction due to differences in size was necessary (Eilers et aI., 1989) . Eilers et al. (1989) listed the two most common sources of variation in comparing alkalinity measurements to be due to sample storage and the method of titration employed. Kramer and Tessier (1982) determined that storage of samples in unrefrigerated soft glass bottles can result in an increase in alkalinity. Although it is unknown if Deevey used glass containers in the 1930s survey, he did process samples soon after collection, normally within a I-d period (E.S. Deevey, Jr., 1996, personal communication) . Polyethylene bottles were consistently used for the 1970s and 1990s surveys and samples were kept cold until analysis; in addition, poly seal caps were used in the 1990s. As a result, no corrections were felt necessary as a result of storage of unrefrigerated samples in glass containers.
Adjustments were necessary, however, due to differences in titration methods (see Kramer and Tessier, 1982; Kramer et aI., 1986; Asbury et aI., 1989; Eilers et aI., 1989 for extensive discussions). The methyl orange method was used for alkalinity determinations in the 1930s and 1970s, making these data directly comparable (Norvell and Frink, 1975) ; such a comparison assumes that the same endpoint pH (color) was used in each case (Kramer et aI., 1986) . However, the Gran titration method, as described by Wetzel and Likens (1991) , was used during the 1990s study. The pH at the equivalence point of the titration is lower as the alkalinity of the sample increases (Asbury et aI., 1989; Eilers et aI., 1989; Kramer et aI., 1986) . The Gran titration method accounts for differences in the pH at the equivalence point, whereas the methyl orange method assumes a fixed endpoint that in the case of dilute softwater lakes is below the pH at the equivalence point (Kramer et aI., 1986) . Thus, the methyl orange method results in an overestimation of alkalinity (Asbury et aI., 1989) . The degree of overestimation becomes less as the alkalinity of the sample increases. Thus, when comparing the 1990s data to the earlier two studies we had to decide the magnitude of the correction necessary, and which lakes needed to be corrected. We used the correction factor of 56 Ileq L -1 proposed by Asbury et al. (1989) for softwater Adirondack lakes, and applied this correction to lakes with a methyl orange alkalinity of <150 Ileq L -1 (J.M. Eilers, personal communication) . The correction of 56 Ileq L -1 is similar to the 57 Ileq L -1 correction made by Eilers et al. (1989) for northern Wisconsin lakes with a similar range in pH to those waterbodies examined in this study. We were unable to apply the correction method proposed by Kramer and Tessier (1982) due to the lack of necessary data. We recognize that using a correction factor of 56 Ileq L -1 will influence the estimated change in alkalinity.
Direct comparisons were also made for concentrations of base cations and chloride between the 1970s and I990s studies. Concentrations of base cations were determined on filtered and acidified samples in both surveys by comparable atomic absorption methods. Because concentrations of K + were very low compared to Na + , Ca H , and Mg H concentrations (Frink and Norvell, 1984; Canavan and Siver, 1994) and not found to be significantly different between the two studies, they will not be discussed further. Chloride levels were also estimated in both studies using the argentometric method with titration of the sample with silver nitrate to a standard color (APHA, 1971 (APHA, , 1985 . Although data on chlorophyll concentrations were available for the 1930s, we made no comparisons because of unresolvable differences in methods (see Norvell and Frink, 1975) .
Changes in land use patterns referred to in this communication were determined from aerial photographs for 1934, 1970, and 1990 as outlined in Field et al. (1996) . Land use was classified as water/wetland, forest, urban/residential and agricultural/open field. In practically all cases changes in the urban/residential land use class were the result of building of residential units. Detailed findings of the changes in land use since the 1930s are discussed in Field et al. (1996) .
All analyses in this communication are based on samples taken only from surface waters. Collections from the 1930s and 1990s represent samples taken at 1 m (E.S. Deevey, Jr., 1996, personal communication; Canavan and Siver, 1994) ; those from the 1970s were taken from either 0.2 m or at several depths within the epilimnion or euphotic zone (Frink and Norvell, 1984) . For comparison of total phosphorus and Secchi disk depths only summer data, usually between late June and early August, were used for the 1970s and 1990s surveys; this included approximately two or three collections for the 1970s and four for the 1990s. Secchi disk measurements for the 1930s study represent means of generally two or sometimes three values taken during the summer (E.S. Deevey, Jr., 1996, personal communication) . Total phosphorus measurements from the 1930s represent mostly means of two or three collections taken during summer, however, the means for some of the lakes also include a single winter value (Deevey, 1940; E.S. Deevey, Jr., 1996, personal communication) . Unfortunately, due to the reporting of means, and the lack of the original data, we were unable to remove the few winter readings. Frink and Norvell (1984) reported means for alkalinity, base cations, and chloride that represented measurements made in summer, spring, and fall. For comparative purposes we pooled seasonal data for alkalinity and base cations for the 1990 data; pooling the 1990s data for alkalinity and base cations was reasonable because there was no significant difference between warm (summer) and cool months (spring and fall). Chloride measurements for the 1990s represent summer means. Canavan and Siver (1994) pooled data for 1991, 1992, and 1993 since there was no significant difference between years.
All ANOV A and regression and correlation analyses were done with SPSSX (Norusis, 1985) , and unless otherwise stated a 0.05 level of significance was used. Tests of significance for selected variables on individual lakes (i.e., between the 1930s and 1990s) were not possible because only mean values were available from the 1930s.
RESULTS

Secchi Disk Depth
There has been a distinct decline in the Secchi disk depth of Connecticut lakes between the 1930s and 1970s, and between the 1970s and the early 1990s (Tables 1  and 2 ; Fig. 1 ). The mean Secchi disk depth for the study lakes included in each survey has dropped from 4.9 m in the 1930s, to 4.3 m in the 1970s, to 3.6 m in the early 1990s (Table 1) . Of the 29 lakes common between the Deevey study and the Frink and Norvell survey, 16 had decreased in Secchi disk depth, while four and eight remained unchanged or increased, respectively (Fig.  lA) . On average, the Secchi disk depth decreased by 0.4 m between the 1930s and the 1970s.
The trend in declining Secchi disk depth observed between the 1930s and 1970s has become even more evident since the 1970s (Tables 1 and 2 Eighty-three percent of the lakes in the current study that were common with the Deevey survey have de- Field et aI., 1996) . Even though the mean percentage of forest cover has only dropped 1.5% since 1934 in the 15 watersheds, the mean amount of residential/urban land has increased 15.5 %, mostly at the expense of agricultural and/or old fields. Three lakes had improved light penetration of more than 1 m since the 1930s (Table 2 ). Despite the increased Secchi disk depths the total phosphorus levels had increased in each lake, but only by an average of 5 J.1g L -I. Two of the three lakes, Green Falls and Mashapaug, have declined in alkalinity since the 1930s (see below) and are situated in watersheds that have remained heavily forested.
Total Phosphorus Concentrations
Coupled with a decline in Secchi disk depth has been a significant increase in total phosphorus concentrations since the 1930s. Because the concentration of total phosphorus for Silver Lake in the 1970s (107 J.1gL -I) and Roseland Lake in the 1990s (96 J.1gL -1) were about 4 standard deviation units above the mean, they were removed from the analysis. The mean concentrations of total phosphorus for the study lakes included in each survey have increased from 12 J.1gL -I (n = 29) in the 1930s, to 15 J.1gL-I (n = 41) in the 1970s, to 24 J.1g L -I in the early 1990s (n = 42) (Table 1; Fig. 2 ).
Between the 1930s and 1970s 19 of 26 lakes increased in total phosphorus by a mean of 6 J.1gL -I (Fig. 2A) . When compared to data from the 1990s, the total phosphorus concentrations have increased in all but one lake since the 1930s by an average of 11 J.1gL -1. Land use data are available for 9 of the 13 lakes that have experienced a >10 J.1gL -1 increase; these watersheds have increased from a mean of 2 % residential/urban lands to 18% since the 1930s. Lakes with the smallest increase in total phosphorus are primarily those that have remained mostly forested or experienced little change in land use.
Phosphorus levels have remained the same or declined in only four lakes between the 1970s and 1990s (Table  2 ; Fig. 2B ). However, 51 and 22 % of the lakes have increased between 1 and 10 J.1gL -[, and 11 and 20 J.1g L -I, respectively.
Alkalinity
Based on the lakes in common between the three surveys there was only a slight change in the mean 1990s Secchi Depth (m) 
.I::. data lakes with alkalinities below 150~eq L -I were corrected according to Asbury et aI. (1989) . See text for details.
alkalinity of Connecticut lakes since the 1930s (Tables  I and 2 ; Fig. 3 ). The mean alkalinity for all study lakes included in each individual survey was 0.49, 0.44, and 0.52 meq L -I for the 1930s, 1970s, and 1990s, respectively. There was a mean increase of 0.09 meq L -1 for lakes in common between the 1930s and 1990s studies. Of the 28 lakes common between each study seven and five showed a continuous increase or decline, respectively, in alkalinity, while nine waterbodies had little change. Curiously, seven lakes declined in alkalinity between the 1930s and 1970s, but then increased since about 1975. Despite the similar mean alkalinity values for the three time periods, there was a group of lakes that experienced a significant decline in alkalinity, and a group that has significantly increased ( Table 2) . Thirteen of 29 lakes examined in both the 1930s and 1990s decreased in alkalinity between 5 and 100%, with a mean of 42 % (Fig. 4) . Each of the 13 lakes was situated in the Eastern or Western Uplands, or on the Coastal Slope, geological areas composed of highly resistant crystalline bedrock. The five lakes with the largest decline in alkalinity, Bashan, Green Falls, Hayward, Powers, and Rogers, are all situated in the eastern part of the state.
In contrast, only 9 of 41 lakes decreased in alkalinity between the 1970s and 1990s ( Fig. 3 ). Six of these lakes, Ball, Black-M, Candlewood, Linsley, Waramaug and Coventry, increased in alkalinity by more than 30% since the 1930s. Land use data are available for both 1934 and 1990 for 11 of the 16 watersheds (see Field et aI., 1996) . In all cases the percentage of residential land increased between 5 and 36 %, with a mean increase of more than 20 %. The four waterbodies with the greatest increase in alkalinity since the 1930s, Ball, Candlewood, Linsley, and Coventry, are all situated in highly developed watersheds and have had a mean increase in residentialland of more than 30%. In addition, Lake Kenosia, another waterbody with a highly urbanized watershed, more than doubled in alkalinity since the 1970s. were corrected according to Asbury et aI. (1989) . See text for details.
Dissolved Ions
Total Cations. Lakes in common between the 1970s and 1990s surveys have experienced a mean increase in total cations of 70 Ileq L -I; this represents a 9 % rise (Tables I and 3 ; Fig. 5 ). Nine waterbodies have experienced a >20% increase in total cations (Table 3) ; each of these lakes have also had significant increases in residential land cover in their surrounding watersheds. Ten lakes, all located in either the Eastern Uplands or on the Coastal Slope, had a >20% decrease (Table 3 ; (Table 3) . Despite the overall rise in sodium levels, 10 lakes had decreased concentrations of more than 10% (Table 3) . Four lakes in particular with undeveloped watersheds, Bigelow, Norwich, Powers, and Uncas, have sodium levels that are more than 37% lower than in the 1970s; this represents a mean decline of 110 Jleq L -I.
A total of 34 of 41 lakes had an increase in chloride levels since the 1970s, representing a mean increase of 90 I!eq L -I (Tables 1 and 3; Fig. 6B ). Fifteen localities increased by 50% or more, and only six lakes had a decrease. Six localities, Ball, Beseck, Candlewood, Crystal-E, Kenosia, and Terramuggus, had between a 210 and 770 I!eq L -I increase; each of these lakes has a high degree of developed watershed.
Strong relationships were observed between the concentrations of sodium and chloride for the 1970 and 1990 periods. For measurements from the 1990s the correlation between sodium and chloride concentrations had a slope close to unity (0.99) and an r 2 of 0.84 (Fig.  7A) . If one lake, Linsley Pond, with a known source of sodium from a trap rock quarry is removed, the relationship has a slope of 1. 1, and a significantly higher r 2 of 0.96. Likewise, the removal of Linsley Pond from the 1970 data set yielded a significant relationship with an r 2 of 0.7, but a slope significantly greater than one (1. 77). There was also a significant relationship between the change in sodium content in a lake since the 1970s and the change in chloride over the same period (Fig.  7B) had a significant increase and another set a significant decrease (Table 3 ; Fig. 5 ). A total of 21 and 18 lakes have decreased or increased, respectively, in concentration since the 1970s. Ten waterbodies, all situated in the Eastern Uplands or on the coastal slope, have had more than a 30% decline in Ca and Mg levels, representing a mean decrease of 144 Ileg L -I. Five lakes had a >20% increase, ranging between 50 and 800 Ileg L~I,
DISCUSSION
It is evident that there has been an overall increase in the trophic state of Connecticut waterbodies since the late 1930s. Because Canavan and Siver (1994) noted significant correlations in Connecticut lakes between the four trophic related variables, Secchi disk depth, total phosphorus, total nitrogen and chlorophyll-a concentrations, we believe the historical trends in Secchi disk depth and total phosphorus can be valuable tools in tracking changes in trophic state. Also, since the percentages of wetlands in the watersheds and the general morphological features of the waterbodies have not significantly changed between the 1930s and 1990s (Field et aI., 1996) , we believe that changes in water color have played a minor role in controlling the observed declines in Secchi disk depth.
On average, lakes have lost more than 1.2 m in Secchi disk depth and have more than doubled in their concentrations of total phosphorus. A greater percentage of the decline in Secchi disk depth occurred since the 1970s (Frink and Norvell, 1984) . In comparison, <10% of the 42 waterbodies in this survey had mean Secchi disk depths >5 m. Interestingly, the six lakes that Deevey noted to have Secchi disk depths <3 m (mean = 2.1 m) have similar Secchi disk depths today (mean = 1.9 m). We conclude that the trophic state of the more oligotrophic lakes with high light penetration have degraded the most since the 1930s. The decline in Secchi disk depth since the 1930s has been unidirectional in 26 of the lakes, suggesting a continuous degradation of the trophic state. Likewise, the increases in the total phosphorus concentrations have also been unidirectional in the majority of lakes since the 1930s, and to a greater degree between the 1970s and 1990s. Using the trophic classification system of Frink and Norvell (1984) , Connecticut lakes on the average have shifted from being oligotrophic-mesotrophic (1930s), to early mesotrophic (1970s), to late mesotrophic (1990s).
The increases in total phosphorus concentrations in mean percentage of agricultural land for the same three periods was 20, 11, and 7 %, respectively. The percentage of forests was similar for the 3 yr. Applying the land use values for the three time periods to the Norvell et al. (1979) model yielded estimated mean total phosphorus levels of 15, 19, and 25 Ilg phosphorus L -1 for the 30 lakes (Field et al., 1996) . The estimated concentrations of phosphorus are similar to the actual changes reported in this study for the three time periods, supporting the idea that the accelerated eutrophication of Connecticut lakes is indeed correlated with changes in land use in the surrounding watersheds. Trends in alkalinity changes in Connecticut lakes over the last 55 yr are not as clear as trophic parameters. Although there was no significant difference between the mean alkalinity levels for lakes in common between the three surveys, there was a group of lakes where the concentrations had declined, and another where the concentrations had increased. Declines in the alkalinities of lakes in the northeastern USA, especially those adversely affected by acidic deposition, are well documented (see Charles, 1991 and references therein) . Estimates of the amount of decline in lake water alkalinity levels and/or pH over the past ca. 100 to 300 yr have also been documented using paleolimnological inference methods for regions in the northeastern USA, including northern New England (Davis et al., 1990 (Davis et al., , 1994 Kahl et al., 1991) and the Adirondacks (Smol et al., 1984; Christie and Smol, 1986; Charles et al., 1987; Cumming et al., 1992) . Dilute lakes in uninhabited catchments studied in northern New England were found to have increased in inferred pH and alkalinity during periods of logging within the catchments (ca. early 1800s to early 1900s); all of the lakes have declined in pH and alkalinity to below pre-logging levels since about 1915, presumably due to acidic deposition (Davis et al., 1994) . Other lakes in Maine have showed little or no acidification (Kahl et al., 1991) . Cumming et al. (1992) estimated that 80 % oflow alkalinity lakes in the Adirondacks have undergone decreases in pH and alkalinity since pre-industrial times. Eilers and Selle (1991) reported the mean pH ofprecipitation in the Adirondacks, ME and the Catskills as 4.37, 4.5, and 4.28, respectively. According to Husar et al. (1991) and Sisterson (1991) much of the northeastern USA, including Connecticut, has received precipitation with a pH ranging from 4.2 to 4.6 over the last 10 yr. Despite the low pH of the precipitation and large areas composed of crystalline bedrock (Bell, 1985; Rogers et al., 1959) , scientists have not observed significant declines in lakewater pH in Connecticut (CAES, 1983; Frink and Norvell, 1984) . In addition, in a paleolimnological study of five Connecticut lakes situated in crystalline bedrock regions of the state, Marsicano and Siver (1993) did not detect significant declines in pH. Four of the five lakes studied by Marsicano and Siver (1993) showed only slight and nonsignificant changes in alkalinity since the 1930s; data were lacking for the fifth lake.
Although many lakes in Connecticut have not experienced declines in pH or alkalinity, comparisons made in this study indicate that a small population of lakes has declined in alkalinity since the 1930s. The group Connecticut waterbodies since the 1930s are consistent with concentrations estimated using changes in land use patterns in the surrounding watersheds (Field et al., 1996) . It is well documented that the export of phosphorus, and nitrogen, is greater from both residential/urban and agricultural lands than from forests (see Omernik, 1976; Wanielista et al., 1977; Hill, 1981; Beaulac and Reckhow, 1982; Osborne and Wiley, 1988; Frink, 1991 and references therein). Although widely different export coefficients for different land uses have been reported for phosphorus (Beaulac and Reckhow, 1982; Frink, 1991) , they are often 5 to more than 10 times greater for urban than forested land (Frink, 1991) .
In an analysis that included many of the lakes in our study Norvell et al. (1979) reported phosphorus export coefficients of 1.7, 0.54, and 0.1 kg phosphorus/ha per year for urban, agricultural, and forested lands, respectively. Norvell et al. (1979) further proposed a model relating the proportions of each land use type in a watershed to the concentration of total phosphorus in the receiving lake. Field et al. (1996) found that the mean percentage of residential/urban land in 30 of the watersheds changed from 2% to 10% to 16%, from 1934, to 1970 to 1990, respectively . Likewise, the change in the .s of lakes includes five dilute waterbodies with current alkalinities between 0 and 0.15 meq L -I, Green Falls, Bashan, Hayward, Powers, and Rogers, that have each continued to decrease in alkalinity by more than 40% since the 1930s. In addition, Norwich Pond has decreased in alkalinity by 57 % since the 1970s. This group of Connecticut lakes share many characteristics with lakes in the northeastern USA with declining alkalinity histories. First, in the Adirondacks (Driscoll et aI., 1991) and Maine (Kahl et al., 1991) many of the clearwater drainage lakes adversely affected by acidic deposition were ones situated in forested watersheds, with highly resistant granitic bedrock and thin layers of glacial till. Second, lakes often affected by acidic deposition are ones with relatively low watershed to lake surface area ratios that receive a relatively large percentage of their water load directly from precipitation (Driscoll et aI., 1991; Kahl et aI., 1991; Battarbee et aI., 1988) . Third, the development of humic rich acidic forest soils can further increase the acidification and decrease the alkalinity of runoff (Rosenqvist, 1978; Krug and Frink, 1983; Richter, 1984; Kramer et al., 1986) . Each of the six dilute Connecticut waterbodies with unidirectional declining alkalinities is situated in a primarily forested watershed in a crystalline bedrock region. In all cases, the surrounding forests have continued to mature over the last ca. 50 to 60 yr. Five of the lakes also have a relatively small watershed to lake area ratio (Canavan and Siver, 1994) . Brakke et ai. (1988) suggested that long-term acidification of lakes in the northeastern USA was related to increased sulfate concentrations. Increased concentrations of sulfate in surface runoff must be balanced with an increase in cation concentrations. In acidic forest soils where exchange sites are often dominated by H+ ions (and to a lesser degree AI3+) and mineral weathering is low, increased sulfate concentrations are generally balanced by H+, resulting in a decrease in alkalinity and an increase in acidity of surface runoff (Kramer et aI., 1986) . Since the watersheds of the group of lakes with declining alkalinities have remained primarily forested since the 1930s (Field et aI., 1996) , it is reasonable to assume that this mechanism is important in low alkalinity Connecticut lakes. Further study will be needed to determine why the concentrations of divalent base cations have decreased in many of the lakes with heavily forested watersheds and declining alkalinities. It is possible that supplies of these base cations have been leached from the acid soils over the past several decades, a mechanism discussed in detail by Kramer et ai. (1986) .
Many of the study lakes have significantly increased in alkalinity since the 1930s, despite receiving acidic deposition. We believe that the increases in alkalinity are largely the direct result of anthropogenic disturbances. Disturbances in the surrounding watersheds, such as the building of roads and homes, results in the removal oflow pH, organic rich forest soils, and subsequent exposure of new base cation rich subsoils (Haines and Akielaszek, 1983; Eilers et aI., 1989; Prowse, 1987) . Thus, more of the strong acid anions in surface waters would be balanced with base cations instead of H+ or AI3+ ions, resulting in an increase in alkalinity. Increased amounts of chemical weatherin5 resulting from slight decreases in soil pH as an indirect result of acid deposition can also result in increased alkalinity (Kilham, 1982) . Increased residential development also results in increases in the amounts of lime used to support grass yards and gardens, in the application of fertilizers, and in wastewater runoff, all activities that can increase the alkalinity of surface runoff. Modern agricultural activities can also result in elevated alkalinity of runoff (Pollman and Canfield, 1991) .
All of the lakes that have experienced large increases in alkalinity since the 1930s have all had significant increases in residential areas within their watersheds (see Field et aI., 1996) , supporting the hypothesis that urbanization of the watershed can result in an increase in the alkalinity of receiving waterbodies. This hypothesis has been advanced and 'iupported by previous studies. Stoddard and Murdoch (1991) noted that long-term records indicated that alkalinity levels have increased in some streams in the Catskill (New York) Mountains, presumably as a result of land use changes. Renberg et ai. (1993) provided paleolimnological evidence that human-related alterations in a watershed caused alkalization of surface waters in Sweden. Eilers et ai. (1989) suggested that alkalinity increases in a set of Wisconsin lakes were directly related to watershed disturbances. Cumming et al. (1992) noted that diatom inferred alkalinities had increased in several Adirondack lakes, possibly related to human activity in the watersheds. In their study of five Connecticut lakes Marsicano and Siver (1993) concluded that increased urbanization had masked potential effects of acidic deposition. Davis et al. (1994) observed that logging resulted in increased buffering capacities of northern New England lakes. Thus, decreasing alkalinities observed in lakes in other parts of northeastern North America caused by acidic deposition may not be as evident in Connecticut because of higher degrees of urbanization.
Interactions between the cycling of iron, sulfur, and phosphorus may also represent potential mechanisms for increasing alkalinities and total phosphorus concentrations in Connecticut lakes, especially during summer stratification when the hypolimnia of many of the lakes become anaerobic (Canavan and Siver, 1995) . Alkalinity can be generated through the bacterial mediated reduction of sulfate under anaerobic conditions (Kilham, 1982) , a process known to occur in the anaerobic hypolimnia of some New England (Giblin et aI., 1990) and Connecticut (Murray, 1994) lakes. If the sulfide is balanced by ferrous iron, a redox reactive cation, the increased levels of alkalinity are maintained provided that the hypolimnion remains anaerobic. Alkalinity generation caused by sulfate reduction would be further fueled through acidic deposition of sulfate.
Another indirect consequence of the binding and precipitation of iron cations with reduced sulfur is a reduction in the pool of iron cations available to precipitate phosphates from the water column. Thus, loading of sulfate by acidic deposition may also result in increased internal loading of phosphorus into the water column (Kilham, 1982; Murray, 1994) . Further study would be needed to determine the relative degrees to which changes in land use, sulfate loading, and other mechanisms such as increased chemical weathering (Kilham, 1982) , have played roles in controlling changes in Connecticut lakes.
The majority of the mean increase in total cations in Connecticut lakes since the 1970s has been primarily the result of an increase in sodium concentrations, and to a lesser degree of increased levels of divalent cations. The increase in base cations has been balanced primarily by an increase in chloride, alkalinity ions, or both. In some lakes, especially low alkalinity lakes in the upland regions and along the coastal slope (Canavan and Siver, 1994) , changes in sulfate concentrations may have been of importance.
Despite these overall trends, lakes differed widely on an individual basis. For example, the two lakes with the largest increase in total cations since the 1970s, Kenosia (+ 1550 Jleq L -I) and Ball (+800 Jleq L -1), experienced different patterns. In the case of Kenosia, increases in sodium (730 Jleq L -1) and divalent cations (800 Jleq L -1) were relatively balanced with increases in chloride (770 Jleq L -I) and alkalinity (990 Jleq L -1). However, in the case of Ball even though the increase in chloride and alkalinity was within 4 % of the increase in base cations, there was considerably more sodium than chloride, suggesting that sodium cations may balance some of the increase in alkalinity ions.
Even though the mean increase in the concentration of sodium was 60 Jleq L -1, six waterbodies increased by an average of over 410 Jleq L -1. Five of the six lakes had an increase in the percentage of residential/urban land of between 4 and 16% since the 1970s; the sixth lake had little change in the percentage of residential/ urban land since the 1970s, however, was already highly urbanized by the 1970s. Our results indicate a significant relationship between the increase in residential land in the watershed and the increase in lake sodium concentrations.
The question arises as to what processes would cause an increase or decrease in the concentrations of sodium and chloride in lake water. Sources of sodium and/or chloride include weathering of mineral substrates (e.g., see Likens et aI., 1977) , sea spray and precipitation (Sullivan et aI., 1988) , agricultural inputs (Dickinson, 1983) , animal wastes (Wagner et aI., 1976; Pionke and Urban, 1984) , industrial inputs (Weibel et aI., 1964; Prowse, 1987) , and road deicing salts (Prowse, 1987; Mattson and Godfrey, 1994) . Likens et ai. (1977) estimated the annual input of sodium through weathering processes from an undisturbed forest to be 5.6 kg Na/ ha. Sullivan et ai. (1988) reported that many New England lakes had a Na/Cl ratio greater than that found in seawater, in part, due to weathering reactions in the watersheds. Prowse (1987) found that urbanization increased the concentrations of sodium and chloride above the "natural denudation rate" by as much as 104 and 63 times, respectively, most likely due to consumer waste, domestic waste and road salt sources. In a recent study, Mattson and Godfrey (1994) concluded that the use of NaCl as a road deicing salt accounted for the bulk of sodium (and chloride) in Massachusetts waterways. Mattson and Godfrey (1994) further estimated that sea spray/ precipitation and weathering processes accounted for only about 4 and 10% of the sodium concentrations in Massachusetts streams.
As was concluded in the Massachusetts study (Mattson and Godfrey, 1994) , we believe that the primary source of both sodium and chloride in Connecticut lakes, and the source ofthe increased concentrations since the 1970s, is from road deicing salts. Several lines of evidence support this idea. First, for most lakes the ratio of concentrations of sodium and chloride ions (0.9: 1) is close to the seasalt ratio in equivalents (0.86); such a relationship is a strong indication of road salt contamination (Mattson and Godfrey, 1994; Stoddard and Murdoch, 1991) . Second, the correlation between the change in sodium levels since the 1970s and the change in chloride concentrations over the same time period is significant (r 2 = 0.67), and has a slope of 0.97. This indicates that for this suite of lakes an increase or decrease in sodium ions was often balanced by an equal increase or decrease in chloride ions. Third, the fact that significant relationships were observed between sodium or chloride concentrations in Connecticut lakes and the percentage of residential/urban development in the surrounding watersheds (see Field et aI., 1996) is also a strong indication that urbanization was the primary cause of the increased sodium and chloride concentrations. An increase in residential development would undoubtedly result in an increase in the total linear distance of roads, and hence the use of road deicing salts. The amount of impervious surface that may also require use of deicing salts is further increased through the building of driveways and walkways. Since the water chemistry of lakes in Connecticut is similar to that for lakes in Massachusetts situated in similar geological settings (Canavan and Siver, 1994) , it is reasonable to conclude that road salts may also be the primary input of sodium in Connecticut lakes.
Other sources of dissolved ions, including sodium and chloride, may be enhanced with increased urbanization. For example, further development of a watershed would inevitably result in increased weathering and subsequent leaching of newly exposed mineral substrates (Haines and Aklielaszek, 1983; Prowse, 1987; Sullivan, 1991) . The increased leaching generally results in an elevation of base cation concentrations in surface waters (Norvell, 1977; Frink and Norvell, 1984; Eilers et aI., 1989; Sullivan, 1991) . Another potential source of dissolved ions to lakes is through contamination by faulty septic systems. Such a source is of increasing importance in this suite of lakes since many of the homes along the shorelines of the lakes are older, were originally built as seasonal units, and have inadequate septic designs (i.e., cesspools). Liming soils to improve acidity is a common practice in New England and provides an additional source of base cations, especially Ca, in waterways.
Another source of sodium, but not chloride, in lakes situated in the Central Valley is through weathering of basaltic trap rock (Norvell, 1977; Canavan and Siver, 1994) . Unusually high levels of sodium and elevated Na/Cl ratios were reported for two lakes, Linsley and Cedar Ponds, during the 1970s (Norvell, 1977; Norvell and Frink, 1975) . The elevated sodium levels relative to chloride concentrations were the result of drainage from a trap rock quarry, which is still active today. In the current study, the Na/Cl ratio of Linsley Pond was widely divergent from all other lakes, but similar to that reported by Norvell (1977) .
Despite the overall increase in sodium levels, a small number of waterbodies have experienced a decline. In general, the waterbodies with the greatest decreases in sodium concentrations are all situated in primarily wooded watersheds located in the Eastern Uplands or along the Coastal Slope. The four lakes with the largest decline in sodium, Bigelow, Uncas, Norwich, and Powers, are situated in primarily forested watersheds and have had less than a 1% increase in residential/urban land since 1970.
There are at least two potential reasons that may explain why sodium concentrations have declined in these few Eastern Upland lakes. First, many of the surrounding forests are relatively young, having developed from previously agricultural areas commencing near the turn of the century (Bell, 1985) . It is possible that over the last 20 yr the continued maturation of the forest has sequestered base cations from the soils, and that the soils have become leached of a portion of their base cation supply (Likens et aI., 1977; Nilsson et aI., 1982) . The second, and more likely reason, may be related to a change in the application procedure of deicing salts on roads since the 1970s, In general, since the 1970s there has be~n a shift towards using a mix of NaCI and sand for deicing purposes, especially in state forest lands where these lakes are situated. Thus, if the linear distance of roads were to remain constant, but the proportions of NaCl used in deicing procedures were to decrease, the subsequent runoff may have lower concentrations of salt.
Despite the changes observed in lake water chemistry in this study several other factors need to be considered. First, the estimated changes are based on relatively few data from the 1930s, making it difficult to thoroughly evaluate variability due to methodology and short-term (day to month) fluctuations. Second, the effect of differences in climate between the three time periods on the results is unknown. Any significant differences in the amounts and patterns of annual precipitation and temperature would undoubtedly influence the results, and in a differential manner because of differences in morphological features and retention times (Canavan and Siver, 1994) .
In conclusion, the chemistry of many Connecticut lakes has significantly changed since the 1930s, especially for waterbodies situated in watersheds that have decreased in forest cover and become more urbanized, In general, these lakes have become less transparent, have increased in total phosphorus and dissolved salt content, and have maintained or increased in alkalinity, We believe that most of the increases in sodium and chloride concentrations were caused by use of road deicing salt. Anthropogenic related changes in the surrounding watersheds have most likely played a role in the increased total phosphorus concentrations, decreased Secchi disk depths, and the alkalization of many of the study lakes.
